Although the deleterious effects of ozone on the human respiratory system are well-known, many of the precise chemical mechanisms that both cause damage and afford protection in the pulmonary epithelial lining fluid are poorly understood. As a key first step to elucidating the intrinsic reactivity of ozone with proteins, its reactions with deprotonated cysteine [Cys−H]− are examined in the gas phase. Reaction proceeds at near the collision limit to give a rich set of products including 1) sequential oxygen atom abstraction reactions to yield cysteine sulfenate, sulfinate and sulfonate anions, and significantly 2) sulfenate radical anions formed by ejection of a hydroperoxy radical. The free-radical pathway occurs only when both thiol and carboxylate moieties are available, implicating electron-transfer as a key step in this reaction. This novel and facile reaction is also observed in small cys-containing peptides indicating a possible role for this chemistry in protein ozonolysis. George N. Khairallah,
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Ozone (O3), a triatomic allotrope of oxygen, plays two opposing roles for human life depending on its location in the Earth's atmosphere. In the upper atmosphere (stratosphere) O3 is beneficial in preventing UV light from reaching the surface of the Earth, thereby minimising human exposure to damaging wavelengths in the solar spectrum. 1 In contrast, in the lower atmosphere (troposphere) O3 is a product of photochemical smog and its role changes to that of an air pollutant with deleterious effects to the human respiratory system. 1 Long-term exposure to elevated O3 levels has been linked to increased risk of death from respiratory causes, which is more than three times greater in metropolitan areas with high tropospheric O3 concentrations (62.5-104.0 ppb) compared to those with lower levels (33.3-53.1 ppb). 2 This association is concerning given predictions that background O3 levels may exceed internationally accepted levels for human health this century. 3 While the physiological and biochemical outcomes of O3 inhalation are well studied, the underlying chemical mechanisms are less well characterised. 4 This is in large part because the interaction of O3 with the lung surfactant layer is thought to give rise to a cascade of secondary reactive species, which may ultimately be responsible for the bulk of the damaging effects. 5 Significant effort has been expended to characterise the interaction of O3 with unsaturated lipids present in pulmonary surfactant and indeed some of these processes have been shown to release detectable free radicals in vitro. 5 The nature of the interaction of O3 with the peptides and proteins -also key components of lung surfactants -is less well understood. It has been hypothesised that thiols present in biomolecules such as pulmonary surfactant B and glutathione (GSH) could serve as sacrificial antioxidants giving rise to the largely benign sulfonates. Conversely, reaction of O3 with glutathione has been shown to mediate the release of damaging hydroxyl radicals. Although the precise mechanism of this process has not been fully elucidated, a key first step is believed to involve electron transfer (e.g., eq. 1, where GS -is deprotonated glutathione).
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To better understand the effects of O3 on the respiratory tract, recent studies have examined the ozonolysis of amino acids, peptides and proteins. 6 These observations raise intriguing questions as to the: mechanism of the reaction(s) involved; precise nature of the oxidant in each case (i.e., O3 or secondary oxidants); identity of all the reaction intermediates and products. To address these questions, we have studied the gas-phase ion-molecule reaction of deprotonated cysteine (and its derivatives) with O3 using a combination of multistage mass spectrometry experiments, HRMS allowed assignment of the empirical formulas of m/z 74 (6) and 88 (5) as being the even-electron species C2H4NS and C3H6NO2, while m/z 135 (4) was confirmed to be a radical anion, C3H5NO3S (see Supporting Information Table S1 ). A recent report on the gas phase reaction of deprotonated cysteine and singlet molecular oxygen ( 1 Δg) assigned a m/z 135 product ion to the sulfinyl radical anion NH2CH(CH2SO • )CO2 -which is consistent with the high-resolution data here, but attributed a m/z 74 product ion to the glycyl anion NH2CH2CO2 -suggesting it has been miss-assigned or there is significant divergence in chemistries of the two oxygen allotropes with the cysteine anion. 10 The possible origins of the products 4-6 arising To further explore the mechanism associated with the formation of the radical anion 4, deuterium and structural labelling was carried out. Condensed phase hydrogen-deuterium exchange of all the four labile, heteroatom protons of cysteine (i.e., at -NH2, -CO2H and -SH) followed by electrospray ionization produced the labeled [a] Uncertainties in the second order rate constants represent a least squares analysis of the standard error in the fit of the pseudo-first-order decay and the quoted uncertainty of ± 25% in the reference reaction. 14 The presence of cysteine in a deprotonated di-or tri-peptide facilitates efficient reaction with O3; even as the carboxylate and thiol moieties are separated along the peptide chain (e.g., CysGly and CysGlyGly in Table 1 ). Ozonolysis of cysteine-containing peptides also yields abundant odd-electron [M-2H+O]
•-ions (see Supporting Information Table S3 ). Similar sulfinyl radicals have been reported from radical-driven cleavage of disulfide linkedpeptides in the gas phase 12 and have also been detected as reactive intermediates in some biochemical transformations. 13 These labeling experiments together with known thermochemistry can be used to infer a mechanism for free radical formation in the ozonolysis of [Cys-H] -(Scheme 2). While there has been much discussion related to the gasphase structure of [ 16 is only slightly endothermic and can readily be fueled by the initial complexation energy. The participation of the S anion is confirmed by structural labeling showing that the free radical products are not observed for deprotonated S-methyl cysteine (see Figure S2a) . Following ET, oxygen atom abstraction yields the modified ion-molecule complex 8, which can dissociate via Modeling of the reaction kinetics provides a branching ratio (BR) of 4% for the free radical pathway resulting in 4 (see Supporting Information, Figure S5 and Table S4 ). This compares to BRs of 10% and 36% for even-electron pathways resulting in product ions 1 and 6, respectively. Thus almost half of all reactive encounters between [Cys-H] -and O3 result in products undetectable by ion-trap MS, which may arise from efficient reaction pathways resulting in electron loss with concomitant formation of neutral free radical(s).
The observations of the gas-phase reactions between [Cys-H] -and O3 demonstrates that (i) even-electron oxidation proceeds via facile, sequential oxygen atom abstraction reactions and (ii) free radical products are also formed via the addition of oxygen and the elimination of HO2
• . The products arising from the intrinsic gas-phase reactivity of cysteine toward O3 show excellent agreement with prior observations of the interfacial ozonolysis suggesting the identity of the m/z 135 reaction product is the radical ion 4 rather than an even-electron dianion of cystine as previously proposed. 8d Given the gasphase ozonolysis of cysteine containing peptides also yields free radicals, such pathways may also operate for the interfacial reactions of cysteine containing proteins. The efficiency (i.e., 89%, Table 1 ) of the gas-phase reaction between [Cys-H] -and
O3 is approximately two orders of magnitude greater than for the ozonolysis of ionised unsaturated lipids under the same conditions. 17 This is consistent with observations of facile and selective oxidation of pulmonary surfactant protein B at the airliquid interface even in the presence of an excess of unsaturated phospholipids, 8a although further work is required to confirm free radical formation at the air-liquid interface of the lung.
The unequivocal identification of free radical products in the intrinsic reaction of deprotonated cysteine (and its derivatives) with O3 is consistent with the proposal of secondary reactive species being responsible for promulgating cellular damage in the lung upon O3 exposure: the so-called "cascade mechanism" for O3 toxicity. 18 Analogous chemistry occurring within the epithelial lining would release hydroperoxyl radicals initiating lipid peroxidation 19 and cysteine sulfinyl radicals that have been implicated in enzyme inactivation pathways.
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Experimental Section
Experiments were carried out using a modified Thermo Fisher Scientific LTQ single stage linear ion-trap mass spectrometer (San Jose, CA, USA), 9a and a modified Thermo LTQ-FT (Bremen, Germany). 9b Full details of the experiments are described in the Supporting Information.
